The newly designed lifetime imaging system (LIS), which was composed of a multi-gated CCD camera and LED illuminators, has been developed to measure simultaneously pressure and temperature field from luminescent lifetime decay of pressure-sensitive paint (PSP). The new system could reduce the measurement error due to shot noise of a CCD and laser speckle, compared to the previous lifetime imaging system. Optimization of PSP film thickness on white basecoat was also conducted for improving measurement accuracy, and could minimize the measurement error. As a verification test, pressure and temperature images on a simple delta wing were visualized by the newly designed LIS. The quality of the pressure image was considerably improved in comparison with that measured by the previous system. These results indicated that the new LIS was a practical measurement tool to acquire simultaneously pressure and temperature field on an aerodynamic model surface.
Introduction
Pressure-sensitive paint (PSP) measurement is a notable technique, since it provides a way to obtain simple, inexpensive, full-field image measurement of pressure on an aerodynamic model surface with high spatial resolution [1] [2] [3] [4] . Recently, lifetime-based measurement has been spotlighted as the next-generation PSP system [5] [6] [7] [8] . The measurement system makes use of the dependence of PSP lifetime decays on pressure. The measurement accuracy is theoretically insensitive to dye concentration, film thickness of PSP and slow variation of excitation light intensity. Furthermore, the wind-off image (reference image) need not be acquired. So, the quality of the processed pressure image is not related to misalignment in image registration. Besides, the productivity rate of PSP data could be improved in comparison with a conventional PSP system, because wind-off images at atmospheric pressure are not required.
Generally, a lifetime imaging system is composed of a pulse laser (or LED) and a CCD camera with a fast shutter. The system acquires PSP luminescent images with two different gated times (gate 1: t 1 and gate 2: t 2 ) of a CCD camera when PSP luminescence decays. Pressure can be expressed as a function of the intensity ratio of I 1 to I 2 . (I 1 and I 2 are luminescent intensities acquired with t 1 and t 2 , respectively.) However, a conventional lifetime imaging system can be applied only to pressure fields where uniformity of temperature on a model is realized, because PSP has a temperature dependence of its lifetime decay. The lifetime imaging system (LIS) has been developed at the Japan Aerospace Exploration Agency (JAXA). Our system could measure simultaneously pressure and temperature distributions from lifetime decay curves of PSP [8] . The system makes use of the dependence of PSP lifetime decay on pressure and temperature. The previous study showed that pressure and temperature could be reconstructed from three lifetime images acquired with the three gates of a CCD camera. However, the small measurement error due to shot noise of a CCD and a laser speckle pattern was not negligible for practical use.
In this study, the lifetime imaging system has been newly designed to improve the measurement accuracy. The new system was composed of a low-noise CCD camera and LED illuminators. The CCD camera has a 14 bit intensity resolution, and LED illuminators evenly irradiate a PSP painted model. The performance of the new system was evaluated in comparison with the previous one. PSP lifetime is theoretically insensitive to the PSP film thickness. However, it was affected by its film thickness, when PSP was applied on white basecoat. And so, a method to eliminate this problem was proposed and established by proof. The measurement accuracy of the newly designed LIS was also estimated from calibration data.
A verification test was conducted to evaluate the performance of the new lifetime system at 0.2 m × 0.2 m Supersonic Wind Tunnel (SWT2) at JAXA. Pressure and temperature images on a simple delta wing were visualized using the upgraded lifetime imaging system, and the experimental data measured by the present system were compared with those by the previous one. Furthermore, the measurement accuracy of the new LIS was discussed by comparing PSP data with pressure tap data.
Basis of the lifetime imaging system for PSP
First, a conventional two-gated method for PSP lifetime imaging is briefly explained [6] . The luminescent lifetime decay of PSP depends on pressure due to oxygen quenching, as figure 1(a) shows. According to our previous research, the luminescent decay of PSP included the transient effect at the beginning of luminescent decay. Some researchers propose the Smoluchowski model to explain the phenomenon. His model includes the transient effect in quenching, i.e., the phenomena on the diffusion of the oxygen quencher [9, 10] . However, the activation process of PSP luminescence in a polymer matrix was fairly complicated, and the PSP lifetime decay could not be completely simulated by his model. Hence, the PSP lifetime decay curve is fitted by a multi-exponential function. Ruyten has investigated the curve fitting models for understanding the physical process of PSP luminescent decay [11] .
PSP is instantaneously excited by a laser (or LED), and the PSP luminescent image after the pulsed excitation is acquired by a CCD camera. In a conventional lifetime measurement to obtain pressure, two gate times of a CCD camera are set while a PSP luminescence decays. As figure 1(a) shows, the luminescent intensities of I 1 and I 2 are acquired with these gated times of t 1 and t 2 , respectively. Thus, I 1 and I 2 are expressed as follows,
where L(t, p) means a PSP luminescent decay, which is a function of time and pressure. The ratio I 2 /I 2 can be expressed as a function of pressure. Therefore, pressure can be obtained by measuring the ratioed intensity (I 2 /I 2 ). However, PSP lifetime was also sensitive to temperature due to thermal quenching, as figure 1(b) shows. The characteristic of PSP lifetime decay was examined by a streak camera in the previous study [8] . The PSP luminescent decay curve depends on both pressure and temperature, and the pressure and temperature sensitivities were different from each other. Thus, a gated luminescent intensity could be expressed by a function of pressure and temperature. In order to obtain pressure and temperature, two gated intensity ratios are required. So, we need more than three lifetime images (three-gated luminescent intensities acquired with three gates: gate 1, gate 2 and gate 3 of a CCD camera), to determine simultaneous equations of pressure and temperature. We adopted a method of three-gated lifetime imaging to save the acquisition time of PSP images at experiment. I 1 /I 3 and I 1 /I 2 were chosen as the intensity ratios, in consideration of the signal-to-noise ratio for the obtained pressure (temperature) image. By solving the following simultaneous equations (F 1 and F 2 ), we can get pressure and temperature:
where p and T show pressure and temperature, respectively. F 1 and F 2 could be defined from PSP calibration data. The detail of the calculation method is described in section 5.
Newly designed lifetime imaging system
We have developed a new lifetime imaging system, which includes a multi-gated camera (Hamamatsu, C4742-98-24ER) and a LED illuminator. The camera has a low shotnoise CCD, and is not equipped with an image intensifier. Photoelectrons generated by successive gating of the multi-gate CCD camera are integrated on each well of a CCD chip, and then they are read out by its electronics. The camera has an intensity resolution of 14 bit, and the size of a CCD is 1334 (H) × 1024 (V) pixels. Blue and UV (ultraviolet) LED illuminators have also been developed as an excitation light source. The emission peaks for blue and UV LEDs were 460 nm and 395 nm, respectively (blue LED: NICHIA Corporation NSPB500S, UV LED: ETG Inc. ETG-5UV395-30). The standard-size (48 LEDs) and large-size (288 LEDs) LED illuminators were manufactured. The emission intensity of the LED illuminator is sensitive to the surrounding temperature. Thus, the LEDs were air-cooled by a fan in order to stabilize the temperature of the LEDs.
A PSP lifetime imaging system for acquiring calibration data is illustrated in figure 2 . The PSP coupon was set in a pressure-and temperature-controlled chamber. The PSP was excited by LED illuminators, and the luminescence was detected by the multi-gated CCD camera. The master trigger source to the CCD camera and the LED illuminator was a pulse and delay generator (DG535: Stanford Research Systems). The LIS was operated by software for PSP lifetime imaging, and PSP calibration data were automatically acquired varying pressure and temperature. Figure 3 shows the photo of the newly designed LIS.
The performance of the new system was evaluated in comparison with the previous one. The previous system was composed of a pulsed green-emitting laser and an intensified CCD camera (ICCD). The camera had an intensity resolution of 12 bit. In order to evaluate the camera noise (mainly CCD shot noise), the ratioed image between two PSP images, which were acquired with different exposure times of a CCD, was calculated. Here, the LED illuminator was used as an excitation light source, and those PSP images were acquired by the multi-gate CCD and ICCD cameras. The standard deviation of the ratio intensity at each pixel (100 × 100 pixels in the image) was estimated. This standard deviation was named I SD . I SD for the multi-gate CCD camera was approximately half of that for the ICCD camera.
A laser is good equipment for exciting PSP because it has high power, and the bandwidth of the emission wavelength is very narrow. For PSP measurements, the influence on nonuniformity of an excitation light upon a PSP painted model could be deleted by the ratioed PSP image. However, the laser speckle pattern in the PSP image could not be eliminated. This speckle image impairs the measurement accuracy. Figure 4 shows the ratioed image of PSP luminescence for a pulse laser and for a LED illuminator. Obviously, the ratioed image for a LED illuminator was more uniform than that for a laser. The data spread of the ratioed intensity of PSP is sensitive to the measurement accuracy. I SD (calculated area: 100 × 100 pixels) was also estimated. I SD for a LED illuminator was approximately half of that for a laser. Therefore, these results proved that the newly designed LIS could considerably improve the measurement accuracy compared to the previous ICCD camera system.
Optimization of PSP coating

Formulation of PSP
Our PSP film was composed of PtTFPP (Pt(II)meso-tetra-(penta-fluorophenyl)porphyrine) and poly-IBM-co-TFEM (poly-isobutylmethacrylate-co-trifluoroethylmethacrylate) [12] . When the PSP was made up, these materials were simply dissolved in a solvent in a reagent bottle. The mixing ratio was PtTFPP:poly-IBM-co-TFEM = 1:50 in weight. The PSP was sprayed on an aluminium plate covered with white undercoat (AKZO NOBEL, Aerodex Finish Matt (lead free) White), which worked as a screen layer to enhance luminescence of PSP. The white basecoat required several days until it evaporated at atmospheric pressure and room temperature. After complete drying, the PSP was painted on the basecoat. The PSP coupon was also evaporated at room temperature for a day. The anneal treatment was not conducted. The peak absorbance of the PSP was at the wavelengths of approximately 395 and 530 nm, and the emission peak of PtTFPP is 650 nm.
Dependence of luminescent lifetime decay on PSP film thickness
PSP luminescent lifetime is theoretically insensitive to the film thickness because pressure-sensitive dye evenly exists in a polymer matrix, and it is equally quenched by oxygen molecules. However, we found that one of the significant error factors was the PSP film thickness when PSP was sprayed on the white basecoat. Figure 5 shows the dependence of lifetime on the PSP film thickness. PSP luminescent lifetime shortened with increasing film thickness. PSP lifetime decays on an aluminium plate (without basecoat) are also presented in figure 6 .
The characteristics of lifetime decay were independent of the PSP film thickness. To make sure of the difference of PSP lifetime on an aluminium plate from that on white basecoat, the PSP lifetime decays with and without the basecoat were examined at the same film thickness. As figure 7 shows, they were different from each other. Consequently, these results indicated that the interfacial condition between the PSP layer and the basecoat layer would be related to the characteristics of PSP lifetime. At the interface of the PSP with white basecoat, the pressure-sensitive dye would be microscopically embraced by the white pigment of the basecoat. This situation would restrict access of oxygen molecules to the pressure-sensitive dye. So, the PSP lifetime close to the basecoat would become longer than that on the top surface of the PSP film.
The lifetime decay curves of PSP were investigated to clarify the relation between the film thickness and the PSP lifetime. As figure 8 shows, the PSP lifetimes decreased with increasing film thickness; however, they remained constant at a film thickness of more than 8 µm. The interference between PSP and white basecoat would be covered up by increasing the PSP film thickness. This indicated that controlling the PSP film thickness could minimize the measurement error due to the PSP film thickness. Thus, PSP was painted on the model surface with great care to achieve a targeted thickness (approximately 10 µm) at the verification test.
Data reduction for PSP lifetime imaging
Characteristics for luminescent lifetime decay of PSP
In order to determine the gated times of a CCD camera for PSP lifetime measurement, the characteristics of luminescent lifetime decays of PSP should be understood in detail. The lifetime decays were examined by a streak camera in the previous study [8] . The pressure dependence of PSP luminescent decays for PtTFPP-PSP is presented in figure 9 . I 0 means the peak intensity of luminescence, and the luminescent intensities were normalized by I 0 . As figure 9 shows, the whole shape of the decay curve of PSP strongly depends on pressure. The lifetimes decreased with increasing pressure, since the luminescence of PtTFPP was intensively quenched by oxygen molecules at high pressures. The drastic declines after pulsed excitation stand out with increasing pressure. The temperature dependence of the luminescent decays at 10 kPa is presented in figure 10 . The luminescent lifetime became small with increasing temperature, since the luminescent PSP lifetimes were affected by thermal quenching. Each decay curve in figure 10 was approximately linear. Unlike the pressure dependence of PSP lifetime, the transient decline near the onset of decay was not observed. Thus, the pressure and temperature dependences of PSP luminescent decays were different. As a result, we can obtain pressure and temperature from the luminescent lifetime decay of the PSP.
Three gated times for a CCD camera
The previous study indicated that pressure and temperature could be obtained from luminescent lifetime decays of a single pressure-sensitive dye [8] . For PSP lifetime imaging, the luminescent intensities (I 1 , I 2 and I 3 ) integrated with three different gate times of a CCD camera were required in order to calculate pressure and temperature images, as illustrated in figure 1(b) . The way to determine the three gated times is described below.
First, I 1 and I 3 were deliberately determined referring to lifetime decays of PSP. The intensity of I 1 acquired immediately after onset of the luminescent decay was almost insensitive to pressure and temperature. The luminescent intensity of I 3 was obtained in the latter half of decay, and strongly depended on both pressure and temperature. Next, error analysis was done to fix a gated time for obtaining I 2 . The gated time ( t 2 ) for I 2 was estimated as the error values of pressures were minimized. Here, the three gated times were set so as to satisfy the condition I 1 = I 2 = I 3 at 30 kPa and 313 K.
LED illuminators were used in a pulse mode. The half width of the pulsed emission was approximately 1 µs and it took 3 µs from the start to the end of the emission. Considering these factors, the gate times ( t) of a CCD camera and gatedelay times (t gd ) were given as follows: I 1 : t 1 = 1.8 µs, t gd1 = 3 µs, I 2 : t 2 = 4.5 µs, t gd2 = 15.5 µs, I 3 : t 3 = 80 µs, t gd3 = 43 µs.
Here, t gd = 0 µs shows the beginning of excitation pulse of the LED illuminator. PSP lifetime images were acquired by the CCD camera after the pulsed LED excitation. The method of determination of these gate times is related to the measurement accuracy of a lifetime imaging system. The optimization of the three gate times of a CCD camera has been studied by Ruyten [13] .
Calculation method
Calibration data are necessary to convert PSP lifetime images of I 1 , I 2 and I 3 to pressure and temperature images. The data acquisition was conducted using the automatic calibration system in figure 2 . The lifetime luminescent images were acquired varying pressure and temperature. The intensity ratios of I 1 /I 2 and I 1 /I 3 were chosen for correlating those with pressure and temperature. The previous study proved that their ratios could be expressed by smooth functions of pressure and temperature. The calibration curved surfaces for I 1 /I 2 and I 1 /I 3 are illustrated in figure 11 . Pressure and temperature were normalized by 100 kPa and 45
• C, respectively. The fitting curve model was given as follows,
where a i,j and b i,j were determined using the least-squares method. In the previous study, the fitting curve model was defined as a quadratic equation; however, the accuracy of the fitting curve was not sufficiently retained in this pressure range. Thus, the fitting model in this study was extended to a fourthorder equation. Three luminescent lifetime images acquired by the LIS were converted to pressure and temperature images by using these simultaneous equations (5) and (6) . The two equations of pressure and temperature were iteratively computed by the Newton-Raphson method.
Measurement accuracy of the lifetime imaging system
In order to evaluate the measurement accuracy of the LIS, pressure and temperature were reconstructed from the three PSP lifetime intensities by using two calibration curved surfaces. The reconstructed pressures and temperatures are presented in tables 1 and 2. Two rows on the left-hand side of Table 2 . Temperature reconstructed from calibration data at 40 kPa. the tables show targeted values in calibration. Here, P ave (T ave ) and P SD (T SD ) are the mean average pressure (temperature) and standard deviation of pressure (temperature), respectively. P SD (T SD ) was calculated from the difference between P ave (T ave ) and pressures (temperatures) at each pixel. The results showed that pressure could be measured within 0.5 kPa to targeted values. P SD was less than 1 kPa. However, the reconstructed pressures at 15 kPa and 100 kPa were considerably different from the targeted ones. These were on the verge of the curved surface, and their differences were due to the curvefitting error. P SD at 20 kPa also showed an unreasonable value. The two calibration curves around this measurement point closely became interchangeable. Therefore, that causes an inconvenient problem for solving these equations. The measurement point corresponds to a singular point in computing a PSP image.
For temperature, the difference between targeted and reconstructed temperatures was approximately 0.5 K. T SD was about ±0.7 K. The large differences between targeted and reconstructed temperatures were observed on the verge of calibration planes. These were also due to the curve-fitting error.
The precision of pressure for the ICCD camera system was approximately some kPa in standard deviation. The image quality acquired by the present system is fairly improved due to reduction of shot noise of a CCD and laser speckle pattern. Incidentally, P SD and T SD can be decreased by increasing the average number of PSP images. The data spread due to shot noise of a CCD is in the reverse proportion to the square root of the PSP image number. Consequently, these results indicated that the new PSP system could accurately measure pressure and temperature in the range of this calibration condition.
Verification test
Experimental setup
A verification test was conducted in order to evaluate the performance of the newly designed LIS in wind tunnel testing. A pressure and temperature map on a simple delta wing was visualized by the upgraded system. The test was done at the 0.2 m × 0.2 m Supersonic Wind Tunnel at Wind Tunnel Technology Center (WINTEC)/ISTA of JAXA [14] .
The PSP system is illustrated in figure 12 . As figure 12 shows, two LED illuminators were set in front of the optical window and the PSP luminescence was acquired by the multigated CCD camera. PtTFPP-based PSP was used, and the film thickness of PSP was optimized as remarked in section 4. The PSP-painted delta wing illuminated by UV-LED is shown in figure 13 (top). The emission filter for PSP was a band-pass filter of 650 ± 20 nm, and the filter was mounted in front of the lens. Figure 13 (bottom) shows the delta wing model used in this study. The model was made of aluminium and had a centreline chord, C, of 100 mm. The wing leading edge was sharp and had a 70
• sweep angle. The top surface of the model was coated with a white optical undercoat and PtTFPPbased PSP topcoat using an airbrush. Eight pressure taps were provided at the chord-wise location of x/C = 0.8 and at spanwise locations S/S max of 0.2 to 0.9 at intervals of 0.1S max . A thermocouple was also installed in the model for monitoring the model temperature. The model was strut-mounted at the centre of the test section at an angle of attack of 20
• . Figure 14 shows the PSP images of I 1 , I 2 and I 3 , which were acquired with the different three gated times of the CCD camera. The luminescent image of I 1 was considerably different from that of I 2 and I 3 , because I 1 was insensitive to pressure and temperature, as the streak camera data indicated. On the other hand, the complicated patterns owing to photochemical processes of oxygen and thermal quenching were observed in the images of I 2 and I 3 . These images were converted to pressure and temperature images by using two calibration curved surfaces. The pressure scanner data were not used in converting PSP lifetime images to pressure ones. This pressure conversion technique is the so-called a priori method.
Results
To validate the performance of the new imaging system, pressure and temperature images on the delta wing at a Mach number (M) of 0.55 and a total pressure (P t ) of 60 kPa were acquired varying total temperature (T t ). The obtained images are presented in figure 15. Pressure and temperature images were clearly visualized. A low-pressure region induced by separation vortices near the leading edge can be seen in the pressure image. These two pressure images were almost identical, although each model temperature was different. The model temperature measured by a thermocouple was approximately equal to that by the lifetime imaging system. The model temperature (M = 0.55, P t = 60 kPa, T t = 325 K: see figure 15(c)) measured by a thermocouple was 321.5 K.
Pressure and temperature fields at M = 0.55 and P t = 100 kPa are also presented in figure 16. These were • ): (a) acquired by the multi-gated camera system and (b) acquired by the ICCD camera system. more clearly visualized than the former case, since the large pressure difference was induced at high total pressure. The low-pressure region was extended to backward of the delta wing. Figure 17 shows the pressure images acquired by the multi-gated camera and ICCD camera. Obviously, the image quality measured by the multi-gated camera was superior to that by the ICCD camera. The pressure image for the ICCD camera system was degraded due to shot noise of the ICCD camera and laser speckle pattern. Consequently, the image quality acquired by the new system was better than that by the previous one.
Pressure tap data were also acquired to evaluate the measurement accuracy of the newly designed LIS. Figure 18 shows the comparison of PSP data with pressure tap data. PSP data qualitatively agreed with pressure tap data. Especially, PSP data were in good agreement with tap data in the inside area (S/S max : from 0.2 to 0.6), where reattachment of the separation vortex occurred. However, a small difference between PSP and pressure tap was seen along the leading edge.
The photograph of the PSP painted delta wing after an experiment is shown in figure 19 . The image colour in the figure is enhanced by controlling brightness. The brightness of PSP near the leading edge was different from that in other area, and the strange traces were left in the regions where separation vortices were strongly induced. Figure 18 shows the difference between PSP and pressure tap data. The lifetime decay of PSP was sensitive to its circumstance where pressuresensitive dye inhabits. The polymer matrix of the PSP film might be damaged due to a strong separation vortex, or PSP in these regions might be contaminated by oil particles contained in airflow. Thus, the characteristics of PSP lifetime decay would change in quality.
Summary
The advanced lifetime imaging system (LIS) for measuring simultaneously pressure and temperature fields has been developed at JAXA. The obtained results are summarized as follows.
1. The newly designed LIS was composed of a multi-gated CCD camera and LED illuminators. The LIS could reduce the measurement error due to shot noise of a CCD camera. And, the error originated in an excitation light system (that is, laser speckle pattern) was also decreased by replacing a pulsed laser with a LED illuminator. 2. Luminescent lifetime of PtTFPP-based PSP was dependent on the film thickness when the white basecoat was applied. The characteristics of PSP luminescent lifetime were examined by varying the PSP film thickness. The result provided that controlling the film thickness could eliminate the dependence of the PSP lifetime on the PSP film thickness. 3. According to the calibration data analysis, the precision (the difference between targeted and reconstructed pressure) of pressure for the new system was ±0.5 kPa, and P SD was less than 1 kPa. On the other hand, the precision of temperature was approximately 0.5 K, and T SD was less than 0.7 K. 4. Pressure and temperature images on a simple delta wing were clearly visualized by the newly designed LIS. The image quality was considerably improved in comparison with that measured by the previous LIS. Pressure tap data were also acquired to evaluate the measurement accuracy of the upgraded system. PSP data obtained by the a priori method quantitatively agreed with pressure tap data for the most part. These results indicated that the new LIS could be a practical tool to measure simultaneously pressure and temperature images on an aerodynamic model.
